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Abstract 
 
Double-pass counter flow v-grove collector is considered one of the most efficient 
solar air-collectors. In this design of the collector, the inlet air initially flows at the top part 
of the collector and changes direction once it reaches the end of the collector and flows 
below the collector to the outlet. A mathematical model is developed for this type of 
collector and simulation is carried out using MATLAB programme. The simulation results 
were verified with three distinguished research results and it was found that the simulation 
has the ability to predict the performance of the air collector accurately as proven by the 
comparison of experimental data with simulation. The difference between the predicted 
and experimental results is, at maximum, approximately 7% which is within the acceptable 
limit considering some uncertainties in the input parameter values to allow comparison. A 
parametric study was performed and it was found that solar radiation, inlet air temperature, 
flow rate and length has a significant effect on the efficiency of the air collector. 
Additionally, the results are compared with single flow V-groove collector. 
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Introduction 
Energy is considered as a prime agent in the generation of wealth and is a significant 
factor in economic development. The rapidly increasing world population growth gives rise 
to a greatly increased demand for energy. In view of this growing global energy needs and 
concern for environmental degradation, the possibility of running thermal system using the 
energy from the sun is receiving considerable attention in recent years. Solar energy is clean 
and most inexhaustible of all known energy sources. One of the most potential mean of 
harnessing solar thermal energy is through air-collector. 
Therefore, it is important to design an air collector of high efficiency since it is one of 
the main components and would lead to a better performance of the system [8]. Flat plate 
air collectors are widely used in solar drying and space heating. However, out of the three 
collector types (namely flat plate, v-corrugated and finned air collectors) studied in [5], v-
corrugated collector was found to have higher efficiency thus considered to be better for 
the solar drying system. The efficiency was further increased in double pass operation and 
optimal flow rate was found to be 0.035        [5]. 
   The solar air collector being investigated in current research is a double-pass 
counter flow v-grove air collector in which the inlet air initially flows at the top part of the 
collector and changes direction once it reaches the end of the collector and flows below the 
collector to the outlet. This configuration of air collector is found by [8] to be more efficient 
than a single pass. However, the pressure drop was not taken into consideration in that 
study. It is expected that a double-pass configuration will have a higher pressure loss which 
would lead to requiring a larger fan power compared to single pass thus increasing 
electricity consumption. 
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 Numerous studies were investigated and the analytical models of the most relevant 
papers [13-16] were reviewed. It was found that there was no published paper that showed 
the simulation model for double-pass counter flow v-groove. The configurations that were 
found closer were about two-pass parallel flow flat plate [13], single pass v-groove [14], 
two-pass parallel flow v-groove [15], and double-pass counter flow flat plate [16] [17]. 
Current research is the first work to model counter flow v-groove air collector. 
 In developing model for the collector, first the energy balance equations were 
developed based on [13] . Energy balance for parallel flow is also valid for counter flow since 
the equations are independent of the air flow direction [16]. Then the equation for 
calculating Nusselt number, heat transfer coefficients and other variables that defines a v-
groove collector is obtained from [14] [15], then the equation to calculate the instantaneous 
temperature of the air along the length of the collector is found in [16]. Matrix method is 
used to solve for the temperature and heat transfer coefficient of the air collector similar to 
what is used in [13]. Once the temperature and heat transfer coefficients were determined, 
the performance of the air collector can be predicted. 
Counter Flow V-Grove Collector 
 
The main focus for the solar air collector is to improve the efficiency on the amount of heat 
it can absorb into the absorber plates and transfer to the gas inside the system. In double-
pass counter flow v-grove collector the inlet air initially flows at the top part of the collector 
and changes direction once it reaches the end of the collector and flows below the collector 
to the outlet. A typical Collector is shown in Figure.1 
Literature reported that the most effective dimensions for the v-corrugate absorber plate 
has a height of 50mm from the centre of the triangle with a 60  angle for the sides [3]. This 
is shown in Figure 2. Typical dimensions of the collector is represented in Table.1   
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Figure 1: Solar Air Collector 
 
Figure 2: V-corrugated design 
 
Table 1: Specifications of the Solar Collector 
Specifications of the Solar Collector 
Overall Dimension 2.24m x 1.04m x 0.20m 
Solar Collector type Double pass 
Absorber Material Grade 1100 Aluminium Stainless Steel 
Absorber Coating Matt black, black chrome selective coating (better absorber) 
Plate type v-corrugated (60o) ( reflection of the heat can bounce to other  
spikes) height of 50mm 
Dimension of absorber plate 2m x 1 m 1mm 
Back insulation Fiberglass wool (thickness 50mm) 
Glazing Normal window glass (thickness 5mm) 
No. of glazing One 
Side insulation Polystyrene, wood and silicon rubber (thickness 20mm) 
Sealant Silicon rubber 
Collector frame material Stainless (thickness 20mm) 
Collector tilt 10o (with the provision to adjust) 
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Mathematical Model 
A straight-forward, analytic solution does not exist yet to solve for the temperatures 
                     .To calculate the temperatures, the heat transfer coefficients must be 
determined which depends on temperature. Also, to define the performance of the 
collector, the efficiency must be calculated which is also dependent of temperature. 
Therefore, to calculate these parameters, numerical iteration is necessary. 
 Thermal network 
The thermal network for the v-corrugated collector is illustrated in Figure 3.  
 
 
Figure 3. Cross section and thermal network of a double-pass v-groove solar air collector 
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 Energy balance 
Energy balance equations based on the thermal network from Figure 3, for the glass cover, 
first pass fluid, absorber plate, second pass fluid and back plate are given in equation (1) to 
(5).  
The energy balance in the top plate is given by 
       (     )    (      )    (     ) 
(1) 
For the fluid’s first pass, 
  (      )    (      )     
(2) 
Energy balance in the absorber plate is 
     (      )    (      )      (     )      (     ) 
(3) 
For the fluid’s second pass, 
  (      )    (      )     
(4) 
For the bottom plate, 
  (      )      (     )    (     ) 
(5) 
 
Heat transfer coefficients 
The set of equations given in this section is laid out in the sequence as on how they 
appeared in the energy balance equation presented in equations (1) to (5). It is important to 
identify the values of the heat transfer coefficient to determine the performance of the air 
collector.  
Variables in    
The incident solar radiation in the glass cover is calculated by  
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       (6) 
The convection heat transfer due to wind is [13]  
            (7) 
The radiation heat transfer coefficient between the glass cover and sky is  
       (     )(  
    
 )
(     )
(     )
 (8) 
Once the heat transfer coefficients    and     has been calculated, the overall top loss 
coefficient is obtained by using equation (9) 
          (9) 
The radiation heat transfer coefficient between the glass cover and absorbing plate can be 
predicted by 
     
 (  
    
 )(     )
 
  
 
 
  
  
 (10) 
The conductive heat transfer coefficient between the glass cover and the first pass fluid is 
determined by the equation developed by Hollands [18] 
        
 
  
 (11) 
However, the developed area of the plate is greater than the area of the bottom channels 
by a factor of       (   ) thus the value of     as calculated must be divided by     (   ) to 
account for this difference. Therefore the actual value of the conductive heat transfer 
coefficient is 
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   (    
 
  
) (
 
   (  ⁄ )
) (12) 
Where   is the included angle of the v-groove plate and   is the hydraulic diameter of the 
airflow channel.   is approximated  by 
      
  
 
 (13) 
The equation for the Nusselt number is dependent on the flow inside the channel. First it is 
necessary to calculate the Reynolds number and determine which equation for Nusselt 
number should be used. The Reynolds number is calculated by 
      
  
 
 (14) 
If        ,  
                   
  
 
 (15) 
If              
           
            
  
 
 (16) 
If             
             
                 
  
 
 (17) 
Variables in     
 
  
The amount of heat transferred in the first pass fluid is calculated as 
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        (       ) (19) 
 
Variables in    
The incident solar radiation absorbed by the absorbing plate is  
           (20) 
The radiation heat transfer coefficient between the absorbing plate and the bottom plate 
can be predicted by 
     
 (  
    
 )(     )
 
  
 
 
  
  
 (21) 
The conductive heat transfer coefficient between the absorbing plate and the second pass 
fluid will be calculated similarly to the previous coefficient except that the hydraulic 
diameter is         . 
   (    
 
   
) (
 
   (  ⁄ )
) (22) 
 
Variables in     
The convective heat transfer coefficient between the second pass fluid and the bottom 
plate is assumed to be equal to the convective heat transfer coefficient between the 
absorber plate and second pass fluid thus, 
      (23) 
The amount of heat transferred in the second pass fluid is calculated as 
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        (       ) (24) 
 
 
Variables in    
The heat loss coefficient at the bottom plate is given by  
   
 
 
  
 
 
  
 (25) 
The following empirical equations (26) to (28) can be used to estimate air density, thermal 
conductivity, and dynamic viscosity for   from 280K to 470K. 
                                               (26) 
  (                                 )       (27) 
  (                             )       (28) 
 
And finally, the output temperature and collector efficiency can be determined by 
       
(     )
    
 (29) 
   
     (      )
  
 (30) 
 Matrix method solution for a double-pass counter flow v-groove collector 
Rather than performing complicated algebraic manipulations to solve the energy equations, 
a matrix method solution is applied. It is significantly easier to perform with the help of 
computers and provides a straight forward approach. To simplify the expression, equations 
(19) and (24) can be expressed as 
11 
 
     (       ) (31) 
     (       ) (32) 
 
where 
 
         (33) 
By rearranging the energy balance equations (1) to (5) in terms of temperature, the 
following expressions can be obtained; 
(          )                        (34) 
     (        )                (35) 
              (               )                   (36) 
           (        )           (37) 
              (          )        (38) 
Equations (35) to (39) can be arranged into a 5 x 5 matrix in the form 
[ ] [ ]  [ ] (39) 
[
 
 
 
 
(          )           
   (        )     
        (               )         
      (        )   
          (          )]
 
 
 
 
 
[
 
 
 
 
  
   
  
   
  ]
 
 
 
 
 
[
 
 
 
 
       
      
  
 
    ]
 
 
 
 
 
The mean temperature can be determined by using array division  
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[ ]  [ ]   [ ] (40) 
 
Solution Procedure: 
First, an initial temperature is used to calculate the heat transfer coefficients and losses. A 
matrix is set up and inverted to calculate new temperature. These new temperatures are 
compared to the initial guess and if the difference is greater than 0.01   , the matrix 
inversion is repeated using the new calculated temperature until the difference is less than 
0.01   . Once the difference is at the acceptable level, the iteration stops and the calculated 
temperature is considered to be each component’s temperature. 
 
Results and discussion 
 The mathematical equations presented in the earlier section are solved using 
MATLAB to calculate the temperatures and heat transfer coefficients in the v-groove air 
collector. These results are then used to produce the graphs that will be used to assess the 
performance of the air collector and assist in developing an efficient solar drying system. 
Values of absorptivity, emissivity and transmissivity for the surfaces in the air collector are 
assumed values but are identified to have a minimal impact on the result of the simulation. 
Small temperature differences in the order of 1   or less could be obtained from modifying 
these values [13] [14]. By using the matrix method solution for a double-pass counter flow 
v-groove shown in the previous section, the temperature of the components of the air 
collector as well as its efficiency can be determined. And to verify the simulation, 
parameters such as outlet temperature will be compared to other’s experimental result 
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where the simulation will use the same meteorological condition and collector 
characteristics. 
 Figure 4 shows the hourly variation of solar irradiation and ambient temperature. At 
this stage, hourly data of Singapore is used since the meteorological data of Brisbane, 
Australia is yet to be obtained from the Bureau of Meteorology. Currently, the temperature 
ranges from 298 K to 302.4 K, reaching its maximum temperature at 2:00pm. The solar 
radiation value ranges from 0 to 552     with its peak radiation occurring at 12:00pm. 
 
Figure 4. Solar radiation and ambient temperature vs Time 
The simulation of temperature variation in the various elements of the solar air 
collector using Singapore’s meteorological data (Figure 4) when               is 
shown in Figure 5. The maximum values of mean temperature in the elements of the air 
collector occurred at 1:00 pm where                        are found to be 304.35 K, 
304.26 K, 318.60 K, 307.32 K and 310.40 K, respectively.  
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Figure 5. Mean temperature variation in the air collector with respect to time 
In Figure 6, the output air temperature in the double-pass v-groove air collector is 
plotted against time. It also shows the temperature of the input air. The maximum output 
temperature occurs at 1:00pm which is approximately 312 K.  
 
Figure 6. Simulated input and output air temperature in the air collector during operation 
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 The temperature of air as it passes through the air collector is presented in Figure 7. 
The first pass of air is shown in the bottom part of the graph and the second pass is shown 
in the upper part. There is a relatively small rise in temperature in the first pass of air as 
compared to the second pass. This is where a double-pass configuration is advantageous; it 
interacts with a section of air twice thus the temperature is significantly increased 
compared to a single pass configuration. 
 
Figure 7. Temperature of air as it flows through the air collector 
The solar collector efficiency is deliberately influence by the solar radiation as well as inlet 
air temperature. Figure.8 represents the 3-D graph of efficiency, to show the positive trend 
with the temperature and the negative trend with the irradiance. 
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Figure 8. Efficiency graph with temperature and solar irradiance 
 
Comparison with Literature 
 The comparison of experimental results from references [7] and [16] to the 
simulation results produced is shown in Figures 9 and 10. The solar radiation data, ambient 
and inlet air temperature and the air collector’s characteristics used to perform the 
experiment are all inserted into the MATLAB simulation model to reproduce the 
experimental result as close as possible and verify if the simulation model generate reliable 
outputs. However, results variations have been observed from the graph and these may be 
attributed to dissimilarity of the experiment set-up and that used in our simulation since not 
all detail of the set-up and the air collector are given by the authors where the experimental 
results are taken. From Figure 9 it can be seen that the simulated results closely follow the 
experimental result. A maximum difference of 4.6% is observed from the results therefore, 
which is considered acceptable. This result demonstrates that model developed for counter 
flow v-groove collector is able to correctly predict the performance of the air collector. This 
is further proven from Figure 10. From Figure 10  it may seem that the simulated result 
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deviate quite a lot from the experimental result, however by performing a percent 
difference analysis on the results obtained, it was determined that the maximum deviation 
between the two results is approximately 7.00%, which is still acceptable considering the 
uncertainties from the input. Therefore there is no significant difference in value between 
the two results.  
 
Figure 9. Comparison of simulated to experimental result using data from Reference [16] 
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Figure 10. Comparison of simulated to experimental result using data from Reference [7] 
 Air temperature along the length of the collector is shown in Figure 11 where it is 
compared with the experimental result from reference [17]. Similar to the previous 
simulations, the solar radiation data, ambient and inlet air temperature and the air 
collector’s characteristics used to perform the experiment are all inserted into the MATLAB 
simulation model to reproduce the experimental result. As can be seen from Figure 11, the 
two graphs follow each other very closely for both first and second pass air. Thus, the 
simulation model can predict accurately the temperature of air in the air collector at any 
instant. 
19 
 
 
Figure 11. Comparison of air temperature along the length of the collector from [17] 
 
 Parametric study 
 An investigation of several parameters of the double pass v-groove air collector is 
conducted to see their effect on the output temperature and efficiency of the air collector. Also, 
the absorber plate temperature is calculated to allow comparison with the output temperature 
and observe how it interacts within the system. The parameters considered are: solar radiation, 
mass flow rate, inlet air temperature, air velocity in the collector and collector length. The 
Parametric value used are represented in Table.2  
Table:2 Parametric values used for simulation 
  600 W/m2     0.94  
  30 degrees     0.9  
  1 m     0.94  
  2 m     0.06  
   0.05 m     0.95  
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   0.025 m     0.84  
  0.035 kg/m2s  
 
  1 m/s 
   300 Kelvins    5.67E-08 W/m
2K4 
    300 Kelvins    9.81 m/s
2 
  0.06 m  
 
   1 m/s 
   0.025 W/mK     
 
A parametric study is also done by Tao Liu, et al.[14] where a single pass v-groove air collector is 
investigated. Reference with the results from [14] will be made to compare the difference in the 
effect of the parameters under investigation in both single and double pass configuration. This 
comparative study will help to identify the improvised performance of the double pass flow. 
The first to be looked upon is the effect of solar radiation to the output temperature and 
efficiency when   value ranges from              . The result of the simulation is presented 
in Figure 12. It can be observed from the graph that both absorber plate temperature and output 
temperature linearly increases as the radiation increase. On the other hand, it does not have a 
significant effect on the efficiency. Compared to single flow V-groove collector[14], the trend of 
the result between the two configuration is similar. 
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Figure 12. Effect of solar radiation to the output temperature and efficiency when I ranges from 0 to 
1000 W/m2 
 The effect of mass flow rate to the output temperature and efficiency when  value 
ranges from                is shown in Figure 13. It can be observed that the effect of mass 
flow rate at some point is becoming less and less significant for both output temperature and 
efficiency. When the flow rate is less than            , its effect is very large but as its value 
increases, the effect becomes insignificant. Considering the absorber plate temperature and 
output temperature, when the mass flow rate is less than             , the output 
temperature is higher than the absorber plate temperature. Once the mass flow rate exceeds 
this value, the trend switches. This is attributed to the high radiation and convection heat 
transfer occurring at low mass flow rate. Compared to single flow V-groove collector[14], the 
trend of the result between the two configuration is similar. 
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Figure 23. Effect of mass flow rate to the output temperature and efficiency when m ranges from 0 to 
0.1 kg/m2s 
 The effect of inlet air temperature to the output temperature and efficiency when 
   value ranges from             is shown in Figure 14. It can be observed from the graph that 
both absorber plate temperature and output temperature linearly increase as the inlet air 
temperature increases and apparently, both temperature are increasing at the same rate. On the 
other hand, as the inlet air temperature increase, the efficiency linearly decreases. This indicates 
that the inlet air temperature has a significant effect on the air collector. Therefore in choosing 
the optimal inlet air temperature for the design, caution must be taken to ensure that a 
reasonable value for inlet air temperature is selected. Compared to single flow V-groove 
collector[14], the trend of the result between the two configuration is similar. 
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Figure 34. Effect of inlet air temperature to the output temperature and efficiency when Tfi ranges from 
280 to 400 Kelvins 
 The effect of air velocity to the output temperature and efficiency when    value ranges 
from            is shown in Figure 15. Air velocity does not affect the output temperature and 
efficiency significantly. It can be observed that the effect of air velocity becomes insignificant for 
both output temperature and efficiency once it exceeds approximately     . This has a positive 
effect on the air collector performance thus the air velocity should always be kept at values 
greater than      to ensure higher output temperature and efficiency. Considering the 
absorber plate temperature and output temperature, when air velocity is approximately 
        the output temperature is higher than the absorber plate temperature. However, this 
will not occur but rather, the temperatures will just diverge to absorber plate temperature as the 
air velocity increase. This is due to the turbulent flow occuring inside the channels which 
consequently increases convective heat transfer. Compared to single flow V-groove collector 
[14], the trend of the result between the two configuration is similar. 
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Figure 45. Effect of air velocity to the output temperature and efficiency when Uf ranges from 0 to 10 
m/s 
 The effect of collector length to the output temperature and efficiency when   value 
ranges from          is shown in Figure 16. It can be observed from the graph that collector 
length has some effect on the output temperature and efficiency of the air collector. Output 
temperature decreases by of about 3 degrees and its effect on efficiency leads to a non-linear 
decrease of about 10% as the length increased. Considering the absorber plate temperature and 
the output temperature, it can be seen that the temperature difference between the two 
increases as the length increase. It indicates that longer collector leads to higher plate 
temperature hence higher loss to environment. Therefore, output temperature and efficiency 
decreases. 
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Figure 56. Effect of length to the output temperature and efficiency when L ranges from 0 to 50 m 
For the single flow V-groove colletor the results contradicts where it is found that the length of 
the collector has negligible effect, as shown in Figure 17. This variation of result is due to the 
change in configuration of the collector. A single pass air collector only goes through the 
collector once without undergoing any directional changes or turns. However, for a double pass, 
the air has to go through the same section twice with not only the change in flow direction and 
turn but also the flow section. Therefore the absorber plate interacts with the same section of 
air along its length twice which consequently causes convective heat transfer between the two 
medium. 
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Figure 67. Effect of length for Single Flow V-groove Collector[14] 
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Conclusion 
  
The mathematical model developed for counter flow v-groove collector and the simulation 
codes created in MATLAB is able to correctly predict the mean temperature of any 
component of the air collector, the instantaneous air temperature at any section of the 
collector, the output air temperature, and efficiency.  
The simulation results were verified by experimental results found in the literature 
and it was found that the model has the ability to predict the performance of the air 
collector accurately as proven by the comparison of experimental result and simulation. The 
percent difference between the results is, at maximum, approximately 7% only which is 
within the acceptable limit considering some uncertainties in the input parameter values to 
allow comparison. 
 A parametric study was performed and it was determined that inlet air temperature 
and mass flow rate has a significant effect on the efficiency of the air collector. Other 
parameters that were studied are the solar radiation, air velocity and length. These 
parameters have relatively less significant effect on the output temperature and efficiency 
with the exception of solar radiation. Along with the parametric study, a comparison is also 
made with the investigation done by Tao Liu, et al.[14], for a single pass v-groove. It was 
found that solar radiation, flow rate and inlet air temperature has similar effect on the 
performance of a single and double pass configuration. On the other hand, the effect of 
collector length deviates significantly compared to the single pass configuration. This 
deviation is attributed to the change in flow condition in the channel. 
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Nomenclature 
   - specific heat of air (     ) 
     
  - hydraulic diameter of first and second pass ( ) 
  - gravitational constant (        ) 
         - convection heat transfer coefficients (   
  ) 
    - glass cover to sky radiative heat transfer coefficient (   
  ) 
         – radiative heat transfer coefficient (   
  ) 
   - wind convection heat transfer coefficieny (   
  ) 
   – gap between v-groove absorber and glass cover ( ) 
   - height of v-groove  ( ) 
  – solar radiation (    ) 
  - thermal conductivity of air (    ) 
   - insulation thermal conductivity (    ) 
  - length of the collector ( ) 
  – air mass flow rate (      ) 
   – efficiency of the collector 
     - heat transferred to the air in first and second pass (   
 ) 
     - solar radiation absorbed by glass cover and absorber plate (   
 ) 
         – mean temperatures of surfaces ( ) 
   - ambient temperature ( ) 
       – mean fluid temperature ( ) 
   - sky temperature ( ) 
    - initial air temperature ( ) 
   - output air temperature ( ) 
   – bottom heat loss coefficient (   
  ) 
   - top heat loss coefficient (   
  ) 
   - air velocity in the collector (   ) 
  - wind velocity (   ) 
  - width of the collector ( ) 
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  - insulation thickness ( ) 
  - absorptivity of glass cover 
   - absoptivity of absorber 
   - emissivity of glass cover 
   - emissivity of absorber 
   - emissivity of bottom plate 
   - transmittance of glass cover 
  – Boltzmann constant (               ) 
  - air density (     ) 
  - tilt angle of the collector (degrees) 
  - dynamic viscosity (     ) 
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